We present a technical overview of a multimodal system combining Raman microspectroscopy and quantitative phase microscopy (QPM), which allows two independent and simultaneous measurements of both the local molecular content and dynamic sample morphology. We present in detail the setup implementation and measurement procedure, and show how different features of QPM can be used to ensure optimal Raman measurement conditions and matched fields of view, through off-line calibration procedures such as digital propagation of the measured complex field and analysis of the system's optical aberrations which can then be employed for numerical compensation and calibration. We present measurements on live cells, where images based both on the quantitative phase signal and on the Raman molecular contrast can simultaneously be retrieved and compared. The dynamic measurements obtained from QPM also enable the monitoring of the cell morphology during the laser scanning of the Raman measurement, making it possible to identify the movements which may occur during the measurement.
Introduction
Raman spectroscopy is a valuable tool for non-invasive optical analysis, based on the measurement of the inelastic scattering of a laser excitation, where resonant chemical bonds in the sample possess specific energy shifts corresponding to their various vibrational modes. In the context of biological samples, the Raman spectral information has been used to classify between different cell lines [1, 2] , or detect cancerous cells or tissue [3, 4] , among many other applications.
As the excitation light is situated in the visible wavelength range, the technique possesses a spatial resolution which makes spectral imaging possible by coupling the spectral detection with laser-scanning systems. Due to recent advances in the development of low-noise two-dimensional detectors, the number of applications based on Raman microscopy has significantly grown in the past years, to observe, for instance, the distribution of molecules or organelles within cells, such as mitochondria [5] , cytochrome c [6] or fatty acids [7] .
However, as the Raman signal is usually weak, in particular for biological samples, imaging measurements with extended areas still require rather high excitation power and take a significant amount of time for the complete measurement, which is typically in the range of minutes to tens of minutes, which makes the observation of dynamic phenomena with Raman microscopy very challenging.
To enable the monitoring of dynamic phenomena or the observation of wide areas, Raman microspectroscopy has often been used sequentially with other imaging methods, such as auto-fluorescence [8] , optical coherence tomography [9] , or fluorescence [10] , to cite some of the numerous applications. We present here a measurement approach where the Raman channel is coupled with another imaging modality which can be recorded simultaneously and provides a fast acquisition rate, enabling the dynamic monitoring of the samples during the slower Raman measurement. This second modality is based on quantitative phase microscopy (QPM), implemented as a digital holographic microscope (DHM), a wide-field imaging technique which enables the measurement of the quantitative phase shifts induced by the sample [11] . DHM presents the advantage of retaining the label-free feature of Raman microscopy, while enabling simultaneous measurements based on spectral filtering. While combining other modalities with the Raman signal is not trivial since the Raman scattering is a weak, unpolarised response with a large bandwidth, the combination with DHM can be readily performed by choosing a low power laser for holography at a wavelength outside of the Raman emission range [12] . Additionally, choosing a DHM mode wavelength longer than the Raman region of interest additionally ensures that any Stokes-shifted fluorescence generated remains outside the Raman region of interest.
Quantitative phase signals have recently been used to derive biological indicators for live cell observation, such as the measurement of dry mass [13] , cell differentiation based on morphology [14] , or early indicators of cell death [15] , to cite some possible applications. The multimodal measurements based on Raman microscopy and QPM lead to complimentary information, where Raman can provide information on the molecular content, while QPM enables the dynamic monitoring of the sample morphology. Furthermore, additional correlation between the two signals can be derived, as both are based on different physical interactions with the sample [16] .
We present a methodology and results for this type of approach, first by showing multimodal measurements on latex beads, to characterise the imaging in both channels. We then describe one of the possible procedures that can calibrate such a multimodal system for precise co-localisation in both modes. Measurements on live cells are then presented, which show the possibility of dynamically monitoring the cell morphology by phase during the Raman measurements. Further details on the setup implementation and the image reconstruction procedures are provided in the Methods section.
Results
The combined measurement procedure is presented first through measurements on latex beads, which can be employed to visualise the field of view in both the Raman and QPM channels. This allows us to quantify the degree of spatial mismatch between the two modes, which can then be used as a basis to compensate or calibrate the overall system. In a second part, measurements on live fibroblasts cells are presented to illustrate the combined dynamic and spectral information which can be retrieved through these multimodal measurements.
Image calibration
As the Raman and QPM channels are measured with different detectors, it is necessary to adjust the fields of view in order to obtain comparable images. This is particularly important as the two cameras will usually have significantly different chip sizes. The low-noise cameras used for Raman detection usually have rather large pixel sizes (in the order of 10 -15 μm), while preferred detectors for off-axis DHM have smaller pixel sizes (typically around 5 μm), to ensure a high spatial sampling of the interference fringes. In our implementation, to partially compensate for these differences, the relay optics in the DHM system as described in Methods are designed to provide a demagnification of 1.5 -2× to first give an approximate match between the fields of view on the two detectors. It is then possible to register the two images in order to compensate for the remaining differences. Disregarding, for the moment, any complex distortions or aberrations, the main differences between the two modes should be accounted for by some amounts for translation (detector position mismatch), rotation (detector orientation mismatch) and magnification (field of view mismatch). These amounts can then be determined by finding the maximum value of the two-dimensional cross-correlation between the Raman image I R and the adjusted DHM image I H , which corresponds mathematically to maximising the problem
where is the correlation operator, α is a spatial scaling factor, R(θ) is a rotation operator of an angle θ, and x 0 is the position of the maximum value of C(x, y), corresponding to a translation. This procedure is illustrated in Figure 1 , where 0.8 μm diameter polystyrene beads fixed onto a quartz substrate and then immersed in water have been measured with both channels, providing precise locations to calibrate the position of the two detectors. The beads distribution can been seen in the Raman channel (cf. Figure 1a) , along with the spectrum of the beads (cf. Figure 1b) , where the image has been extracted by highlighting the 1003 cm −1 band. The spectrum also contains a significant contribution coming from the quartz substrate, since the beads are in contact with it. The corresponding hologram is shown in Figure 1c , where the diffraction patterns of the beads can be identified on top of the interference fringes. The amplitude of the reconstructed wave front (propagated into focus) is shown in Figure 1d , where beads can be seen as black dots, as they strongly diffract the incoming light, with the approximate Raman field of view highlighted by the dashed rectangle.
The result of the registration procedure as described in Eq. (1) is shown in Figure 1e , where the two channels are merged together with the Raman channel in red and the inverted DHM amplitude in green. The linear transformations lead to a registration accuracy of ± 5 pixels, where the location differences are oriented in different directions across the field of view. This shows that the remaining inaccuracies are induced by distortions such as aberrations in the two detection arms.
One approach to obtain a higher registration accuracy would be to correct the excitation laser locations during acquisition, by using maps as shown in Figure 1e to adjust the driving voltages of the galvano-mirrors, and generate an equally spaced spatial sampling in the object space. However, this approach is not suited for a system based on a slit scanning configuration, as several locations are detected in parallel on the equally-spaced pixels of a 2D detector.
Another approach is to numerically adjust the DHM reconstruction to match the Raman image resulting from the possibly aberrated optical system. This can be achieved by employing phase masks of higher order, denoted as numerical parametric lenses (NPL) [17] to simulate the existing aberrations in the system, and obtain a corrected phase image. This approach is usually employed to compensate the existing aberrations in order to retrieve a flat phase in the field of view, as shown for example in the live cells measurements of the next section, but can also be employed to induce specific aberrations. In this case, the same type of optimisation as described in Eq. (1) can be employed, where the adjusted DHM image I H is now extracted from a modified wave front (x, y), generated from the original wave front (x, y) multiplied with a phase mask ϕ NPL , defined as
where ϕ NPL is generated from a polynomial expansion of degree P in both x and y directions, and c x,i , c y,i are the coefficients to be adjusted to improve the overlay of beads in the two images. The amplitude image can then be extracted from the modified wave front propagated info focus (see Eq. (4)).
The images shown in Figure 1e were treated based on the approach described in Eq. (2), with an NPL generated from a polynomial of degree P = 12. The resulting registration is shown in Figure 2a , where the beads are co-localised in the upper-right part of the image compared to the original shifts, while there is a remaining mismatch in the lower-left part of the image, which now appears to be constant. The NPL leading to this registration is shown in Figure 2b . It contains phase differences, as visualised by the wrapping of the phase, in the range of 3 wavelengths, which could be considered rather high in terms of aberrations. However, a significant part of the profile is originating from a tilt, which may be induced by a remaining mismatch in the detectors position. Removing this linear term in the NPL mask shows that the aberration level in the region of interest corresponds to approximately one wavelength, as shown in Figure 2c .
Live cells multimodal measurements
The multimodal measurements are here illustrated by measuring live mouse embryonic fibroblasts cells (MEF) [18] , cultured in Dulbecco's modified Eagle medium, and plated on quartz-bottom dishes one day prior experiment. Before observation, the culture medium was replaced with a phosphate buffer saline solution supplemented with glucose.
A typical measurement is shown in Figure 3 , where the MEF cells have been observed in phase (see Figure 3a -b) during the Raman measurement with an acquisition every 1.5 s, and a Raman exposure time of 3 s per line, leading to a measurement time of 10 minutes. It is possible to identify the cell morphology changes between the beginning (Figure 3a ) and the end of the measurement (Figure 3b) , with a slight change in shape, reorganisation of small lipid structure, or movements of nucleoli. The corresponding Raman image is shown in Figure 3c , where two bands (red: 2865, green: 2973 cm −1 ) have been highlighted, respectively corresponding to CH 2 and CH stretching, which can be attributed to lipids and global content of the cell. Due to the molecular contrast, the Raman image shows significantly more information than the phase ones. On the other hand, the full evolution of the cell morphology during the laser excitation scan is shown in the QPM channel (cf. Additional file 1), where significant movements of organelles, and in particular small lipids bodies, can be identified. It is also possible to see that the whole cell is not clearly visible in the Raman channel, where the external part does not provide much signal. This can be attributed to the lower quantity of biomolecules in the very thin parts of the cell, but also in part to the optical sectioning inherent to Raman, which was located in the centre of the cell, and not on the substrate.
In order to emphasise the changes which can occur during the laser excitation scan, a second set of measurements was performed with approximately two times the power density employed in the other measurements, to 4.34 mW/μm 2 . The result is shown in the Additional file 2, where it is possible to identify the large morphology changes following the laser scan at higher power, which induces errors in the Raman image, such as the sharp change in the left border of the cell, which results from rapid cell shrinkage. In this case, phase images were recorded every 1.5 s, which is sufficient to follow the morphology changes of the cell, but the acquisition capability is generally limited by the recording speed of the camera. This then typically allows video-rate acquisition, so that faster events could also be observed, while the Raman imaging channel typically requires exposures in the order of seconds per line for biological samples, corresponding to an image acquisition on the order of minutes.
The multimodal approach presented above enables the measurement of two sets of information, with the Raman channel providing spectral information related to the molecular content of the sample, and the phase measurement being a quantitative indicator of the sample dynamic morphology. As shown with the measurements above, the simultaneous acquisition of the two can be employed for samples where the imaging speed of the Raman channel may not be fast enough to follow dynamic changes which can occur during the acquisition.
These combined measurements could also prove useful in other fields such as material science, where speed is of less concern but where both techniques can provide specific features. Raman spectroscopy has been extensively used in this field to characterize material composition and structure [19] , and DHM can be employed in conjunction to provide full-field profilometry with a resolution in the order of 10 nm and below [20, 21] . Furthermore, the two measurements are physically complimentary, with QPM and Raman being related respectively to the elastic and inelastic scattering of the excitation light in the sample, enabling the comparison of these two sets of data to derive additional information [16] .
Methods
As the presented measurement approach is based on multimodal measurements, the different channels, namely Raman imaging and DHM, are first presented independently. The combination of the two data sets is then discussed in a following section.
Raman setup
The Raman setup is an imaging system based on an epi-excitation configuration as shown in Figure 4a . Our implementation is shown in Figure 4b , with the beam paths highlighted. The excitation is provided by a continuous wave laser at 532 nm, which is injected into a commercial microscope base by focusing the laser onto the image plane of an output port of the microscope. The excitation is then tightly focused by a microscope objective (60×, NA 1.27, water), which also collects the back-scattered light. The red-shifted emitted light is separated from the excitation with a short-pass dichroic mirror, and imaged back onto the slit of a spectrometer through relay optics. A Czerny-Turner spectrometer (focal length 500 mm) then disperses the light with a reflective grating and images back the spectral line onto a low noise scientific CMOS detector. To enable imaging, two scanning mirrors are employed in the path of the excitation laser, and placed at conjugate planes corresponding to Fourier planes of the focal spot. The setup is arranged in a slitscanning configuration, to enable parallel detection of all spectra on a line of the sample onto the two-dimensional detector [22] . In this case, the first mirror (horizontal scanning) is placed in the descanned region of the setup, so that a displaced spot stays focused on the slit of the spectrometer, while the second mirror (vertical scanning, parallel to slit) is placed before the dichroic mirror, so that the scanning follows the slit direction. The experiments were performed with a low-frequency grating (300 lp/mm) to acquire both the fingerprint and CH stretching region, with a slit width of around 60 μm, leading to a spectral resolution of approximately 12 cm −1 .
The laser delivers an approximate power of 100 mW on the sample, which corresponds to a power density of 480 mW/μm 2 at the focal spot. To generate the line excitation, the spot is then rapidly scanned at 100 Hz by the vertical mirror along the measurement zone during the excitation duration in the seconds range, leading to an average power density of 2.47 mW/μm 2 . 
DHM setup
The DHM setup is a wide-field microscope, where the hologram is recorded based on a Mach-Zehnder interferometer, as schematically shown in Figure 5a , with the practical implementation shown in Figure 5b , which also shows the beam paths. The light emitted by a laser diode is spatially filtered through a pinhole to obtain a homogeneous wave front with high spatial coherence, which is then split into an object and reference arm. The object beam is loosely focused onto the sample by a condenser lens to illuminate the field of view, and the diffracted light is collected by the microscope objective. The image plane of the microscope base is conjugated near the detector by relay optics, after which the object and reference beams are recombined by a beamsplitter. The interference signal is detected in the Fresnel regime by a CCD camera. The diode delivers approximately 400 μW of power evenly distributed on the sample, with the hologram being recorded during an exposure time in the milliseconds range. The recorded hologram contains both pure intensity terms (zero-order) as well as the coherent orders (+1/-1 diffraction terms) as defined by
where o, r are respectively the object and reference beams, and () * is the complex conjugate operator. The interferometer is tuned to be in an off-axis configuration, where the reference beam propagation direction is slightly tilted from the optical axis, in order to obtain high frequency interference fringes, and consequently spatially modulate the coherent terms of the hologram. This enables retrieval of the measured complex field, corresponding to the coherent term or * , from the intensity values of the hologram through Fourier filtering, where the coherent term is spectrally separated from the zero-order and conjugate terms [23] . The retrieved complex field can then be demodulated and compensated for aberrations by employing a measurement of the system response [24] . The use of an interferometer configuration implies that the measurement may be more sensitive to vibrations compared to other types of implementations such as common-path systems [25] . However, in the implementation chosen here, the short exposure time and the one-shot acquisition provided by the off-axis configuration prevent vibrations below kHz frequency from influencing the measurement. Furthermore, this approach provides more flexibility for the implementation of multimodal systems as there is no need to generate a reference wave from the imaging part of the system, as is required in selfreferenced common-path configurations. It also makes it possible to independently tune and adjust the object and reference waves to optimize image quality.
Imaging modes combination
The systems presented in the previous subsections can be combined to provide simultaneous multimodal measurements by separating the signals spectrally. The wavelength employed for DHM measurements can be freely chosen and can therefore be selected to be out of the range of the Raman emission, and was selected here in the near-infrared region where absorption is minimal (λ 780 nm), which corresponds to a Raman shift of ∼6000 cm −1 for the excitation wavelength of 532 nm, well outside the Raman range of interest.
In case the spectral ranges for the two channels are fundamentally separate, the two measurements are fully independent, as even stray light or imperfections in spectral separation optics do not influence the signals. On one hand, DHM is wide-field, so that remaining light impinging on the spectrometer is not focused, and is thus strongly filtered by the slit. On the other hand, light from the Raman excitation laser which would be detected by the DHM detector in case of imperfections in the dichroic mirror would not interfere with the reference arm light, and would be filtered out during the Fourier reconstruction process.
As the two channels are measured with different detectors, it is necessary to ensure that both images are in focus. This is particularly important for Raman imaging, where the measured signal intensity is highly dependent on the tightly focused excitation power. It is possible to employ here the digital propagation feature of DHM, which makes it possible to numerically focus the image based on the information from the measured wave front encoded in the hologram. The focus can therefore be experimentally adjusted during measurement to record an optimal Raman signal, while the quantitative phase can be focused off-line by employing numerical algorithms such as the angular spectrum, defined as [26] 
where d is the propagation distance, F {·} denotes the Fourier transform, (ω x , ω y ) are the spatial frequencies, and (x, y, z) is the spatial complex field defined at the z position.
Conclusion
We presented the implementation of a multimodal microscope which combines Raman imaging, based on a parallel detection scheme through a line scanning configuration, and quantitative phase microscopy (QPM) based on off-axis digital holographic microscopy (DHM). The two modes can be measured independently and simultaneously through spectral separation of the two wavelength regimes, where the laser line employed in DHM can be freely chosen outside the Raman emission range. This approach makes it possible to combine the specific information from the Raman channel, based on the detection of the intracellular molecular contrast, and the quantitative phase signal, which provides information about the sample morphology and can be measured at video-rate for dynamic monitoring. As QPM is also based on a label-free contrast, samples can be measured without requiring specific preparation before observation, thus retaining one of the main features of Raman spectroscopy. Furthermore, QPM also employs a reconstruction procedure where several steps are performed off-line after measurement, which can be used in the context of multimodal acquisition to simplify or enhance the measurement procedure. As the measured complex field can be numerically propagated into focus, the actual measurements can be optimised for the Raman channel, whose signal quality is highly sensitive to precise focus of the excitation light within the sample, while allowing post-processing calibration of focus in the QPM mode, thereby ensuring sharp images in both channels without complicated setup adjustments.
As well as providing significant morphological information and temporal dynamics of the sample, the quantitative information retrieved by QPM can also be employed to characterise the setup itself, by determining the amount of aberration present in the system. While aberrations are usually compensated in DHM through a calibration step in order to obtain a flat phase profile, this approach can also be used to estimate the aberrations present in the Raman channel, and pre-compensate for the possible mismatches induced by the aberration differences within the different arms of the microscope system.
Measurements on live cells show that the acquisition rate of the Raman channel, inherently limited by the weak Raman signal and photo-toxicity, may not be fast enough to follow some rapid changes which can occur during the measurement.
The presented approach extends the range of standard Raman measurements, where it becomes possible to extract both spatial and molecular information from spectroscopy, but also dynamic morphological information from the quantitative phase.
